Abstract-In this paper, two kinds of control strategies for a three-phase five-level double converter are described on the assumption that the converter is applied to an induction motor drive system. The purposes of the proposed control strategies are to correct voltage imbalance of the dc-bus capacitors, to keep the input power factor at near unity, and to achieve an adjustable-speed drive. Characteristics of the converter operated by each of the two control strategies are examined and the validity is verified by experiments using a 3.7-kW induction motor.
I. INTRODUCTION
I N RECENT YEARS, multilevel power converters for high-power and high-voltage systems have been actively investigated [1] - [8] because they can withstand high voltage and generate a nearly sinusoidal waveform. In particular, three-level converters have been put to practical uses. Large-motor drive systems are generally used with transformers to control the voltage stress on semiconductor devices in the converter circuit. If multilevel converters are instead used for this purpose, the transformers can be omitted because these converters reduce the voltage stress on each switching device.
However, multilevel power converters have certain disadvantages such as the need to balance the voltage of the dc-bus capacitors. In five-level inverters fed to ac drives, it is difficult to maintain the five-level dc voltages as they tend to rise or fall monotonously. Hence, we have previously proposed a pulsewidth-modulation (PWM) control method for a five-level rectifier [9] used as a dc power source for the five-level inverter. The method is able to maintain the output dc-bus capacitor voltages, keep the input power factor at near unity, and regenerate electric power back to the power system. This paper presents two kinds of control strategies for a five-level double converter constructed by connecting the above-mentioned five-level rectifier to a five-level inverter. The first proposed control strategy is also described in [10] . We improve the control strategy in order that the performance of the five-level double converter will be suitable for induction motor drives. The characteristics of these control strategies are compared by experiments using a 3.7-kW induction motor. Fig. 1 shows the main circuit configuration of the three-phase five-level double converter. It consists of the five-level rectifier, the dc link, and the five-level inverter. The rectifier and inverter employ the diode-clamped topology. Each phase consists of eight switching devices (S1-S8) and six clamping diodes (D1-D6), and the dc link consists of four capacitors in series.
II. MAIN CIRCUIT CONFIGURATION
For a dc-bus voltage of , if the voltage across each capacitor is , the voltage stress across each switching device will be limited to through the clamping diodes. This topology would be suited to high-voltage and high-power applications; however, the clamping diodes need to block higher voltage. The maximum voltage stress on D3 and D4 is , that on D2 and D5 is , and that on D1 and D6 is .
III. INSTANTANEOUS CURRENT CONTROL STRATEGY

A. Current Control Strategy
Fig . 2 shows the control circuit structure for the instantaneous-value-compared current control method using the multiband hysteresis comparators (MHCs) [10] .
The control flow of input currents on the rectifier side is as follows. First, the dc-link voltage , which is the potential difference between P2-and N2-level voltages, is detected. The error between and its command value passes the proportional plus integral (PI) controller, after which this value is multiplied to each of the input phase voltages ( , , and ). These values then become the input line current commands ( , , and ). Thus, the input line currents are synchronized with the input phase voltages. The respective errors between the line current references and detected line currents are input into MHCs. Fig. 3(a) shows the relation between the input and output of MHCs on the rectifier side under ordinary conditions. The horizontal axis is the error of the input current and the vertical axis indicates switching levels. The MHCs thus determine switching levels from the errors to control switches in the main circuit. The output current commands ( , , and ) on the inverter side are obtained by the direct-field-oriented control method using a flux observer. The current errors are inputted into the MHCs in the same way as the rectifier side. The relation between input and output of MHCs on the inverter side under ordinary conditions is shown in Fig. 3(b) . 
B. Control Method of the Five-Level Voltages
The P2 and N2 potentials can be maintained at a constant level by feeding back as mentioned above. However, the other voltage levels must be controlled because they tend to differ from their references.
The P1 and N1 potentials are controlled by modifying the MHCs. For example, in the power running mode, if the P1 potential exceeds its reference, P1 in the rectifier-side MHCs is deleted as shown in Fig. 4 (a) so as to cut off the current flow into the P1 level. Conversely, if the P1 potential falls below its reference, P1 in the inverter-side MHCs is deleted as shown in Fig. 4 (b) so as to cut off the current outflow from the P1 level. The N1 potential can be similarly controlled.
The neutral-point potential (NPP) can be controlled by adjusting the threshold points at the center of the MHCs. For example, in the power running mode, if the NPP exceed its reference, the threshold points are adjusted in the positive direction as shown in Fig. 5 . Conversely, if the NPP falls below its reference, the threshold points are adjusted in the negative direction.
C. Experimental Results
The five-level diode clamped rectifier and inverter were built with insulated gate bipolar transistors (IGBTs) as the main circuit switches, and a personal computer controls the two converters. The input voltages and currents, the output voltages and currents, and the dc-link voltages are detected every 0.2 ms. These detected data are input into the personal computer through a 12-b A/D converter. The switching states are decided by the computer using the above-mentioned algorithm and output through direct digital control circuits. The rectifier-side reactors L were 5.0 mH and the dc-link capacitors C were 4700 F. The value of was set at 100 V. The rated values of the induction motor connected to the inverter are 3.7 kW, 200 V, 15.6 A, 62.3 Hz, and 1800 r/min. Table I and Figs. 6-8 show the experimental results. Fig. 6 shows the five-level dc voltages and actual motor speed when the motor speed reference value is varied between 400-600 r/min. Although an adjustable-speed drive is achieved, large voltage ripples are observed in the NPP. Table I shows the mean percentage of the five-level voltage errors to the dc-link voltage . As seen from this table, the P1 and N1 potentials are unstable at low speed, and the errors at the neutral point are remarkably large at every speed. Fig. 7 shows the three-phase input line currents and phase voltages on the rectifier side when the motor speed reference value is 900 r/min, where they are seen to synchronize with each other. Fig. 8 shows the line-to-line voltage and output line current on the inverter side when the motor speed reference value is 900 r/min. As seen from this graph, situations where the line-to-line voltage is switched over some voltage levels occur frequently. The high voltage change rates might cause motor damage and failure.
IV. IMPROVEMENT OF THE CONTROL STRATEGY
Although the above-mentioned control strategy is a simple technique, the characteristics of the five-level double converter fed to the induction motor are not sufficient. To improve the performance of the five-level double converter, it is necessary to make the roles of inverter and rectifier clear.
A. Control Method of the Rectifier
On the rectifier side, the highest priority is the stabilization of the dc-link five-level voltages. Two modes are added to the rectifier-side MHCs in order to stabilize the P1 and N1 potentials. When the P1 potential falls below its reference, the rectifier-side MHCs are modified as shown in Fig. 9 (a) so as to increase the current flow into the P1 level. When the N1 potential exceeds its reference, the rectifier-side MHCs are modified as shown in Fig. 9 (b) so as to increase the current outflow from the N1 level.
B. Control Method of the Inverter
In inverters fed to induction motors, the highest priority is to control the output line-to-line voltages. From this view point, the space-vector PWM technique seems to be suitable for induction motor drives, because this technique controls three phase voltages together and generates high-quality line-to-line voltages. Fig. 10 shows space voltage vectors of the three-phase fivelevel inverter. Because each phase can output five voltage levels, the three-phase five-level inverter has 125 switching modes. If the dc-link voltage is divided into four equal voltages, the fivelevel inverter has 61 voltage vectors corresponding to the apexes of the small triangles in Fig. 10 the output terminals , , and have potentials , 0, and , respectively. The reference voltage vector is defined as (1) where is modulation factor . The voltage vectors for the three apexes of the triangle containing the reference vector are defined as
When vectors , , and are output for intervals , , and , respectively, during one sampling period , the durations of the vectors are calculated by the following equations so that their average is equal to the : 
C. Neutral-Point Potential Control
In addition to the control of the inverter output voltage, the NPP of the dc link can be controlled by utilizing the redundancy of the switching modes of the inverter. Table II shows the voltage vectors and their zero-sequence voltages in triangle (Fig. 11) . The block diagram for the NPP control method is shown in Fig. 12 . If the output power is positive and the NPP exceeds the limits, a switching mode with a negative zero-sequence voltage is selected. Conversely, if the output power is positive and the NPP falls below the limits, a switching mode with a positive zero-sequence voltage is selected. If the output power is negative, the signs of the output zero-sequence voltages are reversed. For example, when a reference voltage vector exists in a triangle whose apexes are given by voltage vectors , , and as shown in Fig. 11 while the output power is positive, and the NPP stays within the preset limits, the output vector sequence is given by P1P1N2-P1P1N1-P1ON2. If the NPP rises and exceeds the preset limits, the output vector sequence is given by P1P1N2-OON2-P1ON2. Conversely, if the NPP falls below the preset limits, the output vector sequence is given by P2P2N1-P2P2O-P2P1N1.
D. Experimental Results
Experiments were carried out using the same equipment as the previous experiments. Table III and Figs. 13-15 show the experimental results. Fig. 13 shows the five-level dc voltages and actual motor speed when the motor speed reference value is varied between 400-600 r/min. . As seen from these results, the NPP is controlled well at every speed, and the errors at the P1 and N1 potentials are improved. Fig. 14 shows the three-phase input line currents and phase voltages on the rectifier side when the motor speed reference value is 900 r/min. Fig. 15 shows the output line-to-line voltage and line current on the inverter side when the motor speed reference value is 900 r/min. As seen from this graph, the high voltage change rates that is frequently observed in the case of the instantaneous-value-compared current control method almost disappear.
V. CONCLUSION
In this paper, two kinds of control strategies for a three-phase five-level double converter as an induction motor drive system were described. First, the instantaneous-value-compared current control method using the MHCs was proposed. Although this technique was very simple, the characteristics were not sufficient as an induction motor drive system. Secondly, we proposed the improved control strategy using the space-vector PWM technique on the inverter side. The improved control strategy was able to solve the voltage ripples in the dc link and the high voltage change rates in the line-to-line voltage waveforms. Tetsuya Miyamoto was born in Saitama, Japan, in 1978. He received the B.E. degree in electrical engineering in 2001 from Meiji University, Kawasaki, Japan, where he is currently working toward the M.S. degree on the development of power converter systems.
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